Introduction: Very few systematic studies are done during the onset and progression of metabolic syndrome in suitable animal models. In this paper we present the effect of High-Fat Simple Carbohydrate (HFSC) feed on the metabolic hormones in C57BL/6J mice to understand the sequence of events leading to impairment of glucose homeostasis. Material and methods: One-month-old male C57BL/6J mice were fed with control (C group) and HFSC (T group) feed (n = 30 each) respectively for five months. The glucose tolerance was studied by Oral Glucose Tolerance Test (OGTT) whereas serum insulin and leptin were quantified using ELISA kits, and serum cortisol was quantified using CLIA kits. Results: Insulin resistance index and HOMA-IR levels were higher in the mice of group T as compared to age-matched mice of group C within one month and significantly higher after and five months of feeding. The total area under the glucose tolerance test curve (AUC) and the insulin curve (AUC ins) was found to significantly increase in the mice of T group as compared to the mice of C group as early as two months of feeding and was elevated after 5 months post feeding. Comparison of the Matsuda index revealed that pancreatic beta cell function was significantly lower in mice of T group as compared to mice of C group by five months of feeding. Leptin levels fluctuated during the 1 st -4 th month and by the 5 th month significant hyperleptinaemia was detected. There was no significant change in cortisol levels in mice of group T as compared to mice of group C after five months of feeding. Conclusions: HFSC feed induces insulin resistance by the first month and progressively impairs glucose tolerance, resulting in hyperleptinaemia by the fifth month in male C57BL/6J mice. (Endokrynol Pol 2016; 67 (6): 592-598)
Introduction
The rampant mushrooming of fast food outlets has led to a change in dietary patterns across the globe. Most of the food items available are categorically rich in fat and simple carbohydrates. Food influences hormones such as insulin [1, 2] and leptin [3, 4] . Insulin and leptin, both anorexic hormones, are known to suppress appetite [5] . Among the animal models used for nutritional studies, C57BL/6J mice seem to respond better to hormonal changes caused by diet. High-fat diet-fed C57BL/6J mice develop obesity, hyperglycaemia, hyperinsulinaemia, and impaired glucose-stimulated insulin secretion [6] , as well as peripheral and central leptin insensitivity [7] . Paradoxical observations exist with respect to the role of leptin and insulin resistance. Leptin appears to act in both insulin sensitisation and resistance phenotype [8] . Most of the studies are based on feeding a high-fat diet that does not mimic the present day fast foods. Recognising the importance of simple carbohydrates in weight gain and other associated complications of glucose homeostasis, we specially formulated and prepared High-Fat Simple Carbohydrate Diet (HFSC) feed in our laboratory.
HFSC-fed C57BL/6J male mice progressively gained body weight, developed hyperglycaemia, obesity, hypercholesterolaemia, and hypertriglyceridemia during a five-month study [9] . Given the observed increase in body weight, we wanted to study the leptin profile in the developed animal model due to its anorectic mode of action in body weight regulation. Also, the glucose levels that were studied by us primarily focused on fasting blood glucose. This did not provide us with an insight into tolerance of the animal model to the glucose flux that could be obtained by a glucose tolerance test. Along with insulin, cortisol also plays an important role in maintaining the glucose levels of the body by stimulating gluconeogenesis as well as in fat, carbohydrate, and lipid metabolism [10] . To get a better understanding of the observed disrupted biochemical profile, in the present investigation we have tried to assess the timeframe of disruption of glucose homeostasis in C57BL/6J mice in response to the HFSC feed. In this study we evaluated the glucose tolerance as well as insulin, cortisol, leptin, and pancreatic insulin function in experimental C57BL/6J mice during a fivemonth period.
Material and methods

Animals used
Pathogen-free, one-month-old, male C57BL/6J mice obtained by breeding (breeder stock procured from the National Institute of Nutrition, Hyderabad, India) were used for the experimental study. Male mice were chosen for the study because the energy balance-related pathways are affected due to hormonal variations associated with oestrous cycle [11] [12] [13] . Also, the body composition and body fat distribution differs in males and females wherein females have higher percentage of body fat and less abdominal fat compared to males [14] . The mice were divided into control and test groups (n = 30 each) and were fed with control feed and high-fat simple carbohydrate feed respectively at the rate of 5 g/day according to Indian National Science Academy regulations [15] .
The control feed consisted of wheat flour (79% w/w), infant milk spray (Amul, India) (16% w/w) (used as the source of proteins and vitamins) and soya bean oil (4.67% v/w), whereas the HFSC feed contained porcine fat (13% w/w), sucrose (10% w/w), corn starch (7% w/w), and infant milk spray (Amul, India) (70% w/w). Total energy content from control feed was 3582.369 Kcal/ kg and from HFSC feed was 5064.581 Kcal/kg [16] . The mice were provided with fresh food and water, both ad libitum, daily. cose load (1 g/kg body weight) was orally administered to each mouse. The blood was collected by tail vein bleeding, and blood glucose levels were then measured at 0 (before glucose administration) 30, 60, 90, and 120 minutes post glucose load using a glucometer (One touch Horizon, India). The serum obtained was used for insulin analysis.
Insulin analysis
The serum insulin analysis was performed using an Ultra-Sensitive Mouse Insulin ELISA kit according to the manufacturer's instruction (Crystal Chem Inc., USA). Homeostatic Model of Assessment-Insulin Resistance (HOMA-IR) was calculated according to the given formula [18] :
The Matsuda index of insulin sensitivity was calculated as follows, with glucose and insulin values in mmol/L and pmol/L, respectively [18 ] Total area under the curve of both glucose and insulin was calculated during 0-120 minutes following oral liquid glucose load [18] .
The ratio of AUC (ins/glc) and Matsuda index provides an insight into the b cell function [19] .
Leptin analysis
Leptin was analysed from the serum obtained by tail vein bleeding using Mouse Leptin ELISA kit according to the manufacturer's instructions (RayBio ® , USA).
Cortisol
Serum cortisol was analysed by Chemiluminescence Immuno assay (CLIA) technique by Bioscan Diagnostics and Health Care Centre (Kadri, Shivabaugh, Karnataka, India).
Statistical analysis
The obtained data was statistically analysed using Graph Pad InStat Version 3.1. Specifically, the OGTT data (post Students t-test) was further subjected to Bonferroni correction in order to calculate the correct error because after each month of OGTT the mice were sacrificed for further analysis in the study. For example, for the fifth month, only those values below 0.01 were considered significant (p < 0.05/5 = 0.01). Accordingly, the corrections were applied for the other months as well. The statistical approach was confirmed by a statistician, Dr Mariamma Philip (Assistant Professor, NIMHANS, Bangalore, India).
Results
HFSC feed significantly increased fasting blood glucose in the mice of group T as compared to the mice of group C (p < 0.05) after one month of feeding. However, oral glucose tolerance was unaffected (i.e. the ability of mice of group T to bring the blood glucose levels to normal levels was not affected) at the end of one month of feeding with HFSC diet (Table I) . Glucose tolerance was found to be significantly impaired after two months of feeding the HFSC diet. The blood glucose levels were significantly (p < 0.025) higher in the mice of group T after 0 minutes and 30 minutes of glucose load as compared to the mice of group C (Table I) . This impairment only worsened in the mice of group T throughout the feeding regimen as compared to the mice of group C, shown by significantly higher levels of the blood glucose levels of mice of group T at 0 minutes (p < 0.001), 30 minutes (p < 0.01), 60 minutes (p < 0.01), and 120 minutes (p < 0.01) post glucose load after three months of feeding (Table I) . After four and five months of feeding, significantly (p < 0.01 and p < 0.001) higher impaired glucose tolerance was observed until 120 minutes of feeding with the blood glucose levels rapidly becoming very high in the mice of group T as compared to the mice of group C (Table I ). The total area under the glucose curve (AUC glc) ( Fig. 1 ) and total area under the insulin curve (AUC ins) (Fig. 2) were found to significantly increase in the mice of group T as compared to the mice of group C as early as within two months of feeding and was elevated until five months of feeding. Comparison of the Matsuda index revealed that pancreatic beta-cell function was significantly lower in mice of group T as compared to mice of group C from one month, and worsened by five months of feeding (Fig. 3) . The ratio of AUC (ins/ /glc) and Matsuda index (Fig. 4) further confirms that the pancreatic beta-cell function was affected from the first month and deteriorated by fifth month.
The HOMA-IR levels of the mice of group T were higher than the mice of group C within one month and significantly higher after three months (p < 0.001) and five months (p < 0.001) of feeding (Table II ). An interesting observation was that the HOMA-IR of mice of group T was lower after five months of feeding as compared to HOMA-IR after three months of feeding of the same group. Corresponding analysis of the insulin levels using the serum samples obtained during OGTT showed that the insulin levels of the mice of group T were sig-PRACE ORYGINALNE 
Figure 1. Total area under the glucose curve. C -mice fed with control diet, T -mice fed with HFSC diet
Rycina 1. Całkowite pole pod krzywą stężenia glukozy. Cmyszy otrzymujące karmę kontrolną, T -myszy otrzymujące karmę HFSC
Figure 2. Total area under the insulin curve. C -mice fed with control diet, T -mice fed with HFSC diet
Rycina 2. Całkowite pole pod krzywą stężenia insuliny. Cmyszy otrzymujące karmę kontrolną, T -myszy otrzymujące karmę HFSC
Figure 3. Matsuda index after five months of feeding hfsc feed. C -mice fed with control diet, T -mice fed with HFSC diet
Rycina 3. Wskaźnik Matsuda po 5 miesiącach stosowania karmy HFSC. C -myszy otrzymujące karmę kontrolną, T -myszy otrzymujące karmę HFSC
HFSC diet disrupts metabolic hormones Swarnalatha BN et al.
nificantly higher than the mice of group C (p < 0.01) as early as within one month of feeding but only 30 minutes post glucose load (Table III) . Significantly higher levels of insulin were observed in the mice of group T at all time points (0 minutes [p < 0.001], 30 minutes [p < 0.01], and 120 minutes [p < 0.025]) after five months of feeding as compared to the mice of group C (Table III) . In our study the leptin levels were lower in mice of group T, although not significantly after a month of feeding as compared to mice of group C (Fig. 5) , indicating that the body's sensitivity to leptin was not lost yet. However, leptin levels in the mice of group T fluctuated during the second to the fourth month period, reaching significantly (p < 0.05) higher concentration than the mice of group C after feeding for five months (Fig. 5) . Also, the cortisol levels did not show any significant change in mice of group T as compared to mice of group C after five months of feeding (Table IV) .
Discussion
A previous study from our laboratory has shown that HFSC feed could induce features of metabolic syndrome like obesity, hyperglycaemia, hypercholesterolaemia, and hypertriglyceridaemia in male C57BL/6J mice [9] . The increased levels of fasting blood glucose that were noted in our study could indicate hepatic insulin resistance because this glucose is derived from glycogenolysis from the liver [20, 21] . Glucose tolerance was found to be significantly impaired after two months of feeding with the HFSC diet because there was a failure to clear the high blood glucose levels post glucose load. This impairment only worsened in mice of group T throughout the feeding regimen as compared to mice of group C. Our results are in agreement with a previous study [22] ; however, glucose intolerance was much more severe in the current study. This could be due to hepatic insulin resistance, muscle insulin resistance, and impaired insulin secretion [20] . High Insulin levels observed in our study further confirms it.
The total area under the glucose tolerance test curve (AUC) and the insulin curve (AUC ins) was found to significantly increase in the mice of group T as compared to the mice of group C as early as after two months of feeding and was elevated until five months of feeding implying impaired glucose tolerance. This could be due to insulin resistance triggered by HFSC feed. Several studies [23] show that insulin sensitivity is reduced in human subjects with reduced glucose tolerance. HOMA-IR further confirmed insulin resistance in our animal model. The increased levels of insulin in the mice of group T after five months of feeding as compared to mice of group C indicate that the mice of group T had OGTT-stimulated hyperinsulinaemia as compared to mice of group C. A study reported that 54% of obese children and adolescents have higher fasting or OGTT-stimulated hyperinsulinaemia [24] . This supports our study. Insulin resistance was also observed in prediabetic patients, which increased in parallel to waist circumference [25] . Pancreatic beta cell function as revealed by Matsuda index was significantly lower in mice of group T as compared to mice of group C by one month and worsened by five months of feeding. The ratio of AUC (ins/glc) is an insulin secretion index whereas the Matsuda index is an OGTT-stimulated index and provides an insight into the insulin sensitivity [19] . The product of these two indices is a measure of 
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pancreatic b-cell function. This combination is distinct for different degrees of glucose tolerance. It is found to decrease from Normal Glucose Tolerance to Impaired Glucose Tolerance to Diabetes. In our study, the insert insulin of group T had reduced values as compared to mice of group C, indicating decreased pancreatic b-cell function. This is further supported by histopathological observations in the pancreas of HFSC-fed C57BL/6J mice in our previous study [16] .
Leptin is associated with insulin resistance in patients with metabolic syndrome [26] . Insulin is known to stimulate leptin release [27] . In our study, leptin levels were found to be lower in mice of group T after one month of feeding, but not significantly as compared to mice of group C, indicating that sensitivity to leptin has not been lost. A study reported no difference in the leptin levels of pre-diabetic patients as compared to normal patients [26] . This supports our finding. However, leptin levels were significantly higher in mice of group T than mice of group C after feeding for five months. A contrasting report was found in a human study wherein no difference was observed in the leptin levels of metabolic syndrome and non-metabolic syndrome patients [28] . This could also be due to differences in diets consumed. Diets were found to have varied effects on leptin, as discussed subsequently. Long-term intake of a high-fat diet was found to positively correlate with plasma leptin levels in male rats [6] whereas a short-term, moderately high-fat diet was found to reduce circulating leptin levels [7] . Also, the type of dietary fats seems to affect plasma leptin levels [29] . In our study, insulin secretion was not found to be modulated by hyperleptinaemia even though leptin is known to inhibit insulin secretion in the pancreas via leptin receptors on the pancreatic b-cells [30] . This could be due to polymorphisms in the leptin receptors or leptin resistance in the pancreas, which needs to be evaluated. There was no significant change in cortisol levels in mice of group T than mice of group C after five months of feeding. Higher cortisol levels were reported to reduce insulin secretion [31] . However, in our study insulin secretion, as stated earlier, was higher in mice of group T than mice of group C, indicating loss of regulation.
Conclusions
High incidence of metabolic syndrome worldwide warrants more focussed research for elucidating the causative factors. Among other factors, fast foods, which are energy dense, could also play a role in the aetiology of the syndrome. In the present investigation we have tried to systematically evaluate the time frame of disruption of glucose homeostasis by feeding HFSC feed (which mimics calorie-rich fast foods) to male C57BL/6J mice. Our study shows that HFSC feed induces glucose intolerance within two months of feeding probably by inducing insulin resistance and pancreatic beta cell dysfunction. Hyperleptinaemia was also noted in HFSC-fed C57BL/6J mice, which further shows that our animal model displays essential features of metabolic syndrome. Further studies on the hypothalamus adrenal axis in this model might shed more light onto the cell signalling mechanisms contributing to this syndrome. These observations may have clinical significance, especially with changing nutritional patterns globally.
